We study potential New Physics effects in the B → D ( * ) τ ν decays. As a particular example of New Physics models we consider the class of leptoquark models and put the constraints on the leptoquark couplings using the recently measured ratios R(
Introduction
Excess of exclusive semitauonic decays of B meson, B → D ( * ) τ ν, has been reported by the BaBar and Belle collaborations. In order to test the lepton universality with less theoretical uncertainty, the ratios of the branching fractions are introduced as observables,
where denotes e or µ. The present experimental results coming from the BaBar experiment are given by [1, 2] , 
R(D)
with their correlation ρ = −0.27, where the statistical and systematical errors are combined assuming Gaussian distribution. For the corresponding results from several Belle publications [3] [4] [5] , we combine the results which have the smallest errors for each charge mode, and obtain the following numbers:
R(D) Belle = 0.390 ± 0.100 , R(D * ) Belle = 0.347 ± 0.050 ,
where the unknown correlation is assumed to be zero in this case. Further combining Eqs. (2) and (3), we obtain R(D) = 0.421 ± 0.058 , R(D * ) = 0.337 ± 0.025 ,
with the correlation to be −0. 
we find that the discrepancy is 3.5σ combining R(D) and R(D * ). From the theoretical point of view, two-Higgs-doublet model of type II (2HDM-II) [6] , which is the Higgs sector of the minimal supersymmetric Standard Model (MSSM) [7] , has been studied well in the literature [8] [9] [10] [11] [12] as a candidate of New Physics (NP) that significantly affects the semitauonic B decays. Based on these theoretical works and their experimental data, BaBar collaboration shows that the 2HDM-II is excluded at 99.8% confidence level (CL) [1, 2] .
This observation has stimulated further theoretical activities for clarifying the origin of the above discrepancy. Several authors have studied various NP scenarios other than 2HDM-II. Possible structures of the relevant four-fermion interaction are identified and models that induce such structures are proposed in the literature [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . One of the interesting four-fermion operators is the scalar type generated in the 2HDMs with flavour changing neutral currents, so-called 2HDM of type III [23] . It is shown that this operator, mentioned as O [24] . They have also studied a leptoquark model as an intriguing example that induces these operators. The effect of the tensor operator also has been studied recently in Ref. [25] in a model independent way and in Ref. [26] in leptoquark models.
In this work, we extend the analysis in Ref. [24] to all possible leptoquark models [27] . It is shown that three of them explain the present experimental data quite well. In our study, we carefully investigate theoretical uncertainty in the evaluation of NP contributions in B → D ( * ) τ ν by employing two different sets of relevant hadronic form factors. The rest of the paper is organized as follows: the effective Hamiltonian including all possible four-fermion operators, the relevant helicity amplitudes of B → D ( * ) τ ν and the analytic formulae of differential decay rates are presented in Sec. 2. After introducing all possible leptoquark models, we evaluate Wilson coefficients of the effective Hamiltonian in Sec. 3. Constraints from B → D ( * ) τ ν as well as those from B → X s νν are also shown in Sec. 3. Section 3 also contains a discussion on theoretical uncertainty in the constraints from B → D ( * ) τ ν. In Sec. 4 we study all possible correlations between various observables in order to distinguish different NP models. Section 5 is devoted to our conclusions. Some details of hadronic form factors and decay distributions are relegated to Appendices.
Effective Hamiltonian and helicity amplitudes
Assuming the neutrinos to be left-handed, we introduce the most general effective Hamiltonian that contains all possible four-fermion operators of the lowest dimension for the b → cτ ν l transition,
with the operator basis defined as
Since the neutrino flavour l is not determined experimentally in B decays, we consider l = e, µ or τ . In the SM, the Wilson coefficients are set to zero, C l X = 0 (X = V 1,2 , S 1,2 , T ). Using this effective Hamiltonian in Eq. (6) and calculating the helicity amplitudes (for the details see Ref. [24] ), one finds the differential decay rates as follows
• B → D * τ ν:
In Eqs. (11c) and (12d), the equations of motion are used for the quark fields.
Up to now all experimental and phenomenological analyses of B → D ( * ) τ ν decays have been made highly relying on the heavy quark effective theory (HQET). Although it provides an extremely useful tool in describing the non-perturbative dynamics of QCD, an alternative description of these decays that does not rely on HQET is welcome. Therefore, in order to be conservative and to estimate the sensitivity of NP constraints to the B → D ( * ) transition matrix elements, two different sets of hadronic form factors are examined:
• HQET form factors, parametrized by Caprini et al. [28] with the use of parameters extracted from experiments by the BaBar and Belle collaborations;
• form factors, computed by Melikhov and Stech (MS) using relativistic dispersion approach based on the constituent quark model [29] .
3 Testing leptoquark models
Effective Lagrangian and Wilson coefficients
Many extensions of the SM, motivated by a unified description of quarks and leptons, predict the existence of new scalar and vector bosons, called leptoquarks, which decay into a quark and a lepton (with model-dependent branching fraction). These particles carry nonzero baryon and lepton numbers, colour and fractional electric charge. Although for the leptoquark masses that are within experimental reach at collider experiments, the flavour-changing neutral current (FCNC) processes favour leptoquarks that couple to quarks and leptons of the same generation, in this work we study the leptoquarks which couple to the third and the second generation. We use the Lagrangian with the general dimensionless SU (3) c × SU (2) L × U (1) Y invariant flavour non-diagonal couplings of scalar and vector leptoquarks satisfying baryon and lepton number conservation, introduced by Buchmüller et al. [27] . The interaction Lagrangian that induces contributions to the b → c ν process is given as follows,
where Q i and L j are the left-handed quark and lepton SU (2) L doublets respectively, while u iR , d iR and jR are the right-handed up, down quark and charged lepton SU (2) L singlets; indices i and j denote the generations of quarks and leptons; ψ c = Cψ T = Cγ 0 ψ * is a charge-conjugated fermion field. For simplicity, the colour indices are suppressed. The quantum numbers of the leptoquarks are summarized in Table 1 . 
We note that the fermion fields in Eq. (13) are given in the gauge eigenstate basis in which Yukawa couplings of the up-type quarks and the charged leptons are diagonal. Rotating the down-type quark fields into the mass eigenstate basis and performing the Fierz transformations, one finds the general Wilson coefficients at the leptoquark mass scale for all possible types of leptoquarks contributing to the b → cτ ν l process:
where V k3 denotes the CKM matrix elements and the upper index of the leptoquark denotes its electric charge. In the following we will neglect double Cabibbo suppressed O(λ 2 ) terms and keep only the leading terms proportional to V 33 ≡ V tb . The vector and axial vector currents are not renormalized and their anomalous dimensions vanish. The scale dependence of the scalar and tensor currents at leading logarithm approximation is given by
where the anomalous dimensions of the scalar and tensor operators are γ S = −6C F = −8, γ T = 2C F = 8/3 respectively and β (f ) 0 = 11 − 2n f /3 [26] . Taking into account the most recent constraints on the scalar and vector leptoquark masses by the ATLAS and CMS collaborations [30, 31] , in our numerical analysis we assume that all scalar and vector leptoquarks are of the same mass m LQ = 1 TeV. The b-quark scale is chosen to be
One can easily notice from Eq. (14) that in the simplified scenario with presence of only one type leptoquark, namely R The b → sν j ν i process can be described by the following effective Hamiltonian,
where the left-and right-handed operators are defined as
In the SM, the Wilson coefficient is determined by box and Z-penguin loop diagrams computation which gives,
where the loop function X(x t ) can be found e.g. in Ref. [32] . As one can notice from Eq. (13), the scalar leptoquarks S give the following contribution to b → sν j ν i :
In the following, for simplicity we neglect the subleading O(λ) terms in Eq. (20) and keep only the V tb V * cs 1 term. Summing over all neutrino flavours and taking into account that the amplitudes with i = j do not interfere with the SM contribution, the branching ratio can be written as
where x = E miss /m b and the S(x) function describes the shape of the missing energy spectrum [33] . In our estimation we set m s = 0 (therefore 1/2 ≤ x ≤ 1) and neglect the α s and 1/m 2 b corrections. Using the experimental limit on the inclusive branching ratio, determined by the ALEPH collaboration [34] ,
at the 90% CL ,
and assuming for simplicity that only one specific ij combination of one type of leptoquarks contributes, we obtain constraints on the leptoquark couplings depicted in Fig. 1 . In the case that the couplings are real, the obtained numbers are consistent with the result of Grossman et al. [33] . In Fig. 4 we demonstrate that the scalar S 
Sensitivity of the constraints to hadronic form factors
To conclude this section, we discuss the sensitivity of the NP constraints to hadronic form factors and their theoretical uncertainties. In Figs. 2-4 we show the comparison of the resulting constraints on leptoquark effective couplings, obtained by using the form factors evaluated in the HQET by Caprini et al. [28] and the ones computed by Melikhov and Stech in the constituent quark model [29] . These two sets have fairly different uncertainties although both of them describe the experimental results of B → D ( * ) ν and are consistent with the heavy quark symmetry.
We find that both sets of form factors give similar allowed regions in the parameter space for most of leptoquark models. The constraints on the product of couplings of the scalar S Re
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Im g Fig. 2 look practically identical and therefore the effect of the choice of the form factor set is negligible.
In our study we observe that in the case of the vector V 1R respectively), the degree of exclusion highly depends on the employed form factors (see Fig. 3 ). One can notice from Fig. 3(b) that for the case of the MS form factors there is practically no allowed region at 99% CL what makes this model disfavoured. This means that we must be careful about theoretical uncertainties when excluding NP models.
In Fig. 4 we show the resulting constraints on the scalar S This makes the NP constraints to be more sensitive to the tensor form factor uncertainties and hence can explain the difference between the HQET and MS results in Fig. 4 .
In Table 2 we give explicitly some numerical results for the allowed parameter space compatible with the experimental data at 1σ level (except for the vector V , for which we present the ranges at 99% CL due to the absence of the allowed space at 1σ and 2σ levels). For illustration, we assume the product of couplings to be purely real or purely imaginary. As one can see from Table 2 , the allowed ranges are well consistent for two sets of form factors. The exception is the V [35] [36] [37] [38] assuming only the SM contribution to the total amplitude of B → D ( * ) ν ( = e, µ). Therefore, in order to use the fitted HQET form factors, one has to make an important assumption that couplings of NP particles to light leptons are significantly suppressed as in the 2HDM-II and NP effects can be observed only in the tauonic decay modes.
Correlations between observables
In order to distinguish various NP models, we study the following observables which could be sensitive to NP: 
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Im g • τ forward-backward asymmetry,
where θ is the angle between the three-momenta of τ and B in the τ ν rest frame.
• τ polarization parameter by studying further τ decays,
• D * longitudinal polarization using the D * → Dπ decay, are given at 99% CL level due to the absence of the allowed space at 1σ and 2σ levels. The products of couplings are assumed to be purely real or imaginary.
Here, for shortness, Γ denotes Γ(B → D ( * ) τ ν). The q 2 distributions for various τ and D * polarization states together with b θ (q 2 ) can be found in Appendix B. In order to determine θ angle, the τ momentum reconstruction is necessary. It is not apparent whether this is possible due to the two or more missing neutrinos in the decay modes under consideration [9] . Here we mention a proposal in LHCb to utilize the information on the vertices of B and τ production/decay for identifying B → D * τ ν process in their environment [39, 40] . The τ production/decay vertex information, which can be obtained using the D * → Dπ / τ → 3h ν decays, allows us to determine the threemomentum of τ in the lab frame with a two-fold ambiguity. Then, the same solution can be applied for the B meson case, knowing the B production/decay vertices and the τ momentum. As a result, performing a boost to the τ ν rest frame, θ can be determined with a four-fold ambiguity. If a similar technique is available at super B factories, this ambiguity can be reduced to a two-fold one due to the full knowledge of the initial B meson kinematics.
The longitudinal τ polarization is measurable without reconstructing the τ momentum as is discussed in Ref. [12] . The expected precision at super B factories with 50 ab (24) and (25) in the following forms,
Then, we notice that the right-hand sides of Eq. (26) do not contain the scalar NP contribution (see Eqs. (49)- (51)). Therefore, in the scenario 1, the correlations between P τ /P D * and R(D ( * ) ) are uniquely determined. As can be seen from Fig. 5 , for some parameter spaces, one can clearly discriminate these four scenarios or at least exclude some of them. In particular, the longitudinal D * polarization could be very useful to discriminate the models that have the generic scalar and tensor operators, O 
Conclusions
We have studied possible New Physics explanations of the observed excess of B → D ( * ) τ ν over the SM predictions focusing on the leptoquark models. It has been turned out that the S and U , are disfavoured as in the 2HDM-II. Theoretical uncertainties in the hadronic form factors are carefully treated in our analysis. In particular, we have compared the results of two sets of the form factors, HQET and MS. These sets have rather different uncertainties although both of them describe the experimental results of B → D ( * ) ν and are consistent with the heavy quark symmetry. We have shown that they give similar allowed regions in the parameter space of the leptoquark models in most cases. In some cases with small probabilities, however, the degree of exclusion highly depends on the employed form factors. This means that we must be deliberate about theoretical uncertainties in New Physics contributions as well as the SM contributions in order to exclude models of New Physics. For further tests and discrimination of the allowed leptoquark models, we have examined correlations among the τ forward-backward asymmetries A FB , the τ polarizations P τ and the D * longitudinal polarization P D * in some favourable cases. We have found that P D * is a sensitive observable to discriminate O A Hadronic matrix elements
The SM contribution is determined by the vector current operator and the relevant matrix element is written as
where F 1 (0) = F 0 (0) in order to cancel the divergence at q 2 = 0. Using the equation of motion,
one can write the scalar operator matrix element as
In our numerical analysis we use m b = (4.8 ± 0.2) GeV and m c = (1.4 ± 0.2) GeV [28, 29] and treat the quark masses as a source of theoretical uncertainty. The tensor 2 matrix element can be parametrized as
Comparing the respective matrix elements in Eqs. (27) , (30) and (40), (46), one finds the following relations between the F 1, 0, T and h ±, T form factors, usually used in the 2 Pseudo tensor matrix element can be evaluated using the relation cσ µν γ 5 b = − HQET (for the HQET parametrization see Appendix A.3),
A.2 B → D *
The vector and axial vector operator matrix elements can be written as
where
with A 3 (0) = A 0 (0). The pseudo scalar matrix element can be determined by using the equation of motion,
and is given by
The tensor operator contribution can be parametrized as
where the T i form factors, commonly used in semileptonic B decays, are usually determined as
Analogously, matching Eqs. (32), (36) to Eqs. (40), (46), the form factors V , A i and T i can be related to h V , h A i and h T i as follows,
A.3 HQET form factors
We define the form factors of the vector and axial vector operators as
In turn, using the parametrization of Caprini et al. [28] , the HQET form factors can be expressed as
The w-dependencies are parametrized as [28] 
where z(w) = (
. The S 1 (w) form factor is taken from Ref. [12] ,
with ∆ = 1 ± 1. The fitted parameters, determined by the HFAG, are [41] 
Although the form factor normalizations, V 1 (1) and h A 1 (1), vanish in the R(D) and R(D * ) ratios, for completeness we provide below the latest lattice QCD calculations from Refs. [42] and [43] respectively,
The matrix elements of the tensor operator can be expressed in the following way [24] ,
As in the case of scalar operators, the equation of motion,
gives us the following relations between the tensor and vector form factors,
where the residual momenta of O(Λ QCD ) are neglected.
A.4 Comparison of the form factors
Here we compare three sets of form factors, evaluated in the HQET, computed by Melikhov and Stech [29] , and Cheng et al. [44] . Theoretical uncertainties are not quoted directly in Refs. [29, 44] ; however from the fine agreement obtained in the cases where the checks are possible, the authors of Ref. [29] believe that the accuracy of their predictions do not exceed 10%. Therefore, to be conservative, we vary the values of the form factors at q 2 = 0 within ±10% around their central values. As for the HQET form factors, all theoretical parameters are supposed to have flat distributions and are randomly varied within ±1σ region.
The heavy quark limit behaviour is examined in Refs. [29, 44] and the requirement of the heavy quark symmetry is satisfied. Therefore, as can be seen from Figs. 6 and 7, there is a reasonable agreement among these three sets. (blue) and by Cheng et al. [44] (green). The calculation of the scalar and tensor form factors is absent in Ref. [44] , therefore the equations of motion in the quark currents are used in order to express it in terms of F 1,0 (q 2 ).
B Distributions and polarizations
The q 2 distributions for a given polarization of τ are as follows, 
For the fixed polarization of D * , the distributions are given by
